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(22) Filed: Apr. 30, 2007 
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the WEC to facilitate its transportation and deployment. The 
WEC may be formed in sections and assembled at, or close 
to, the point of deployment. 
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WAVE ENERGY CONVERTER (W EC) WITH 
HEAVE PLATES 

BACKGROUND OF THE INVENTION 

[0001] This invention claims priority from provisional 
application Ser. No. 60/796,388 ?led May 1, 2006 for Wave 
Energy Converter (WEC) With Heave Plates Whose contents 
are incorporated herein by reference. 

[0002] This invention relates to a Wave energy converter 
(WEC) buoy having a horiZontal ?oat (hereafter “?oat”) and 
a vertical generally cylindrical ?oat (hereafter “spar”) 
Which, When placed in a body of Water, can move relative to 
each other in response to the motion of the Waves. The WEC 
includes a poWer take off device (PTO) responsive to the 
relative motion betWeen the spar and the ?oat for producing 
suitable forms of energy, mechanical and/or electrical. 

[0003] Numerous problems exist in the manufacture of a 
useful WEC system Which can operate reliably under the 
hostile conditions present in the ocean. The large variations 
in the amplitude, frequency and direction of the forces of the 
Waves make it di?icult to maintain the stability of a WEC 
and to operate it e?iciently and reliably. Other problems 
relate to the transportation and deployment of a WEC, Which 
tends to be bulky and heavy. WECs embodying the inven 
tion include means for resolving these and other problems 
pertaining to the manufacture and e?icient operation of the 
WECs. 

SUMMARY OF THE INVENTION 

[0004] A WEC buoy embodying the invention includes a 
?oat and an elongated spar. One of the ?oat and spar is 
designed to move generally in phase With the Waves While 
the other one of the ?oat and spar is designed to move 
generally out of phase With the Waves. A PTO connected 
betWeen the ?oat and the spar is designed to convert their 
relative motion into electrical energy, or any other form of 
useful energy. Typically, the ?oat is designed to move in 
phase and the spar out of phase With the Waves. 

[0005] The invention is applicable for use in and With 
Wave energy converters (WECs) Which include a ?oat and a 
spar Which, When placed in a body of Water, can move 
relative to each other in response to the motion of the Waves. 
The WEC may be of the type described and claimed in Us. 
Pat. No. 7,140,180 assigned to the assignee of the present 
application and Whose teachings are incorporated herein by 
reference. Although it should be understood that the inven 
tion is applicable to any apparatus having a spar to Which a 
heave plate is attached to control the movement of the spar. 
This application also incorporates the teachings, as though 
fully set forth herein, of a patent application Ser. No. 
titled Heave Plate Modi?ed To Provide Increased Damping 
being ?led simultaneously With this application and 
assigned to the same assignee. 

[0006] One aspect of the invention includes the design of 
a spar Whose effective “mass” and “spring constant” can be 
increased and or decreased in a cost effective manner to 
optimiZe the relative motion betWeen the ?oat and the spar 
in response to the Waves of the body of Water in Which the 
WEC is placed. In accordance With the invention, one, or 
more, “heave” plates is/are centrally attached to the spar, 
beloW the Water line, generally perpendicular to the vertical 
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orientation of the spar. Rods, and/or cables, and/or beams, 
and/or pipes, are connected betWeen the outer periphery of, 
and/or selected points along, the heave plate and the spar to 
ensure that the heave plate moves up and doWn With the spar, 
reducing problems due to cantilevering and/ or tWisting. The 
“heave” plates have two effects on the characteristics of the 
spar in vertical motion. One effect is to provide drag Which 
impedes relative motion betWeen the spar and the surround 
ing Water column. The other effect is to cause a volume of 
Water to be entrained above and beloW the heave plate 
Which, in effect, adds extra mass to the spar. These two 
effects result in very different dynamic behaviors, and the 
interplay betWeen them can be used to give the central spar 
desired characteristics. 

[0007] The addition of added mass to the spar bene?ts the 
poWer conversion characteristics of the WEC because it 
increases the inertia of the spar and helps to loWer its natural 
frequency. Thus the central spar is made to have a natural 
resonance frequency (NRF) Which is loWer than that of the 
Waves or the ?oat by using heave plates, resulting in 
improved poWer conversion. In addition, the restorative 
buoyancy of the spar affects the resonant frequency. 
Decreasing the restorative buoyancy loWers the natural 
frequency of the spar, Where restorative buoyancy may be 
de?ned as the hydrostatic force Which arises in response to 
displacements in heave of a ?oating structure, and Which 
tends to restore the ?oating structure to its natural draft. The 
drag effect due to the heave plate can help or hurt, depending 
on several factors, primarily the ratio betWeen the depth of 
the heave plate in the Water column and the Wavelength of 
the predominant surface Waves. 

[0008] The heave-plates of the present invention can be 
considered a cost effective solution for increasing the effec 
tive mass of the spar. 

[0009] An embodiment of the present invention includes 
attaching a heave plate With “lipped” or vertical structures to 
the spar. Lipped, or vertical, structures may be formed along 
the upper and loWer surfaces of the heave plates. There are 
at least tWo bene?ts of these heave plates With lips. One is 
that it increases the effective mass of the spar. The other is 
that, depending on their siZe and shape, the lips can decrease 
the drag force Which comes about due to relative vertical 
motion. Typically, the lips are formed along the periphery of 
the heave plate extending in a perpendicularly upWard 
and/or doWnWard direction to the plane of the heave plate. 
The siZe and extent of the lips may provide different desired 
results. 

[0010] WECs embodying the invention include a guid 
ance/bearing system coupling the ?oat and spar such that 
their relative motion is generally limited to movement along 
one direction (i.e., up and doWn When deployed) despite 
rotational and racking forces and thrusts in different lateral 
directions. 

[0011] In selected embodiments, the cross section of the 
upper portion of the spar, in the region Where the spar moves 
up and doWn perpendicularly to the Water line and the ?oat, 
may be decreased to decrease its buoyancy or “springiness”. 
Decreasing the restorative buoyancy of the spar decreases 
(loWers) the natural frequency of the spar. 

[0012] A WEC system embodying the invention includes 
buoyancy chambers and ballasting apparatus to orient the 
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spar and ?oat and to ease the deployment and retrieval of the 
WEC buoy and also includes apparatus to ensure its survival 
in signi?cant storm conditions. 

[0013] Since the ?oat and the spar can both move (i.e., 
neither the spar nor the ?oat is ?xedly anchored to the sea 
bottom) a mooring system is designed to hold the WEC buoy 
Within a prescribed area. 

[0014] A WEC system embodying the invention include 
apparatus to enable operation of the WEC over large tidal 
ranges. 

[0015] The WEC buoy has three major elements a ?oat 
100, a spar 200, and a poWer conversion system 300, as 
shoWn in several of the Figures. The spar component 
includes a vertically oriented, cylindrical element Which 
provides a stable platform to support and give reaction force 
to the poWer take-olf system. The spar is shoWn to be a 
cylindrical element; hoWever that need not be the case and 
the spar may be part of a truss system. 

[0016] In one embodiment, the spar has an upper portion 
used to provide buoyancy and housing for all PTO and 
poWer conversion equipment. The loWer portion of the spar 
includes a ballast compartments and heave plates. The 
length and mass of the spar, and the heave plates provide 
inertia and stability giving the spar limited motion response 
in normal, predominant Wave periods. 

[0017] The PTO and poWer conversion system may 
include hydraulic, mechanical linkages, generators, control 
lers, and electrical equipment. Linear electrical generators 
(LEGs) may also be used to convert the mechanical energy 
produced betWeen the spar and the ?oat and convert it to 
electrical energy. In one embodiment all the poWer conver 
sion components Were designed to be completely housed 
inside the spar. The linear motion caused by the ?oat 
movement may be captured by hydraulic equipment, and 
converted to rotary poWer through ?uid pumps and motors 
connected to poWer generation equipment. Alternatively, the 
poWer conversion system may be located in the loWer 
portion of the spar and/or along and/or in the ?oat. Where 
the PTO includes a linear electric generator (LEG) the PTO 
may be distributed betWeen the ?oat and spar. The poWer 
conversion system may be housed in the spar, as shoWn, or 
in the ?oat and/or may be distributed betWeen the ?oat and 
spar. 

[0018] In WEC systems embodying the invention, the 
WEC may be designed to have a poWer cable attached to the 
spar and/or ?oat above the Water line to eliminate the need 
to have an underwater cable connection. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] In the accompanying draWings, Which are gener 
ally not draWn to scale, like reference characters denote like 
components; and 

[0020] FIG. 1 is an isometric draWing shoWing a WEC 
buoy system embodying the invention Which includes a ?oat 
and a spar to Which tWo heave plates are connected and a 3 
point mooring arrangement; 

[0021] FIGS. 2 and 3 are isometric vieWs of WECs 
embodying the invention shoWing the spar and ?oat in 
greater detail and different connections of the heave plates to 
the spar; 
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[0022] FIG. 3A is a diagram illustrating the sectioning of 
a WEC; 

[0023] FIG. 4 is an isometric vieW of a WEC With a single 
heave plate, With raised edges (lips), connected to the spar; 

[0024] FIGS. 5A, 5B and 5C are different vieWs of a WEC 
With a heave plate connected to the loWer portion of the spar; 

[0025] FIGS. 6 and 6A are cross-sectional idealiZed dia 
grams shoWing the heave plate connected to the spar and a 
poWer take off device (PTO) connected betWeen the ?oat 
and the spar; 

[0026] FIGS. 7 and 8 are cross-sectional diagrams shoW 
ing a heave plate With lips and cables connecting the heave 
plate to the upper portion of a spar, beloW the ?oat; 

[0027] FIG. 9 is an isometric vieW of a WEC With the 
upper part of the spar formed With a reduced cross section 
(smaller Water plane) in the region of the Water line and ?oat 
With the loWer portion of the spar connected to a heave plate; 

[0028] FIG. 10 is an enlarged vieW of the upper portion of 
the spar shoWn in FIG. 9 in the region Where the ?oat and 
spar pass each other in a generally out of phase relationship 
in response to ocean Waves as they move up and doWn; 

[0029] FIG. 11 is a top vieW of the spar and ?oat of FIG. 
9; 
[0030] FIG. 12 is a sketch illustrating the different forces 
to Which a ?oat and spar may be subjected; 

[0031] FIGS. 13a, 13b, and 130 are draWings illustrating 
the guidance/bearing structure of WECs embodying the 
invention; 
[0032] FIG. 14 is a draWing illustrating the bridge/truss 
structure for translating the movement of a ?oat to a PTO 
located Within a spar; and 

[0033] FIGS. 15A and 15B are highly simpli?ed draWings, 
respectively illustrating placing a WEC in a horiZontal 
position or in a vertical position by using buoyancy cham 
bers. 

DETAILED DESCRIPTION OF THE FIGURES 

[0034] FIGS. 1 through 8 depict WECs With at least one 
“heave” plate centrally connected to the spar, beloW the 
Water line. The heave plate, as used herein, refers to a plate 
extending in a generally perpendicularly direction to the 
spar. In the ?gures the heave plate is shoWn to be circular. 
HoWever it should be understood that the plate could be 
triangular, or a square or any polygon, so long as the spar is 
centrally located about the surface of the plate. As already 
noted, the heave plate provides drag (resistance) and added 
mass (inertia) characteristics important in the operation of 
the WEC. Hence, While the ?oat is designed to respond to 
the higher frequency motion of the Waves, the heave plate 
gives the spar characteristics to respond to much loWer 
frequency (longer period) Wave motions and thus increase 
the differential in the relative motion betWeen the spar and 
?oat. 

[0035] In FIGS. 1, 2 and 3, there is a heave plate 204a 
mounted and attached to the mid region of the spar and a 
heave plate 204!) mounted and attached to the loWer or 
bottom portion of the spar. These ?gures also illustrate that 
the heave plates may be connected by rods descending from 



US 2007/0266704 Al 

the spar or by cables, beams, pipes and/or rods extending 
from the outer periphery of the heave plate to the spar to 
maintain the plate stable and generally perpendicular to the 
spar. The differences in the structures shoWn in the various 
?gures illustrate that there may be different structural con 
?gurations for securing a heave plate and for stabiliZing the 
?oat and spar. As shoWn in some of the ?gures, the securing 
and supporting members interconnecting the heave plate and 
the spar are rigid elements and are they are rigidly attached 
by means of bolting or Welding. As shoWn in other ?gures, 
the heave plate and spar are interconnected via pretensioned 
rods and/or cables to reduce Weight, cost and drag. These 
tensioned and pretensioned elements are con?gured to keep 
the heave plate structure in a tension mode to counteract the 
numerous different forces applied to the system from diverse 
different directions. 

[0036] The heave plate is shoWn to be symmetrically 
disposed and to be rigidly and ?xedly connected to the spar 
to provide a like response When the spar is being raised as 
When it is being loWered. HoWever, the heave plate may be 
designed to provide a different response When being lifted 
(raised) as compared to When it is being driven doWn 
(loWered) by shaping the surface of the plate and even by 
controlling the effective area of the plate When going up or 
doWn. For example, in a ?oating system that comes close to 
the sea ?oor in storm conditions, the heave plate may be 
curved concavely (like a contact lens) such that the rim is 
pointing toWards the ocean ?oor so that as the ?oating body 
moves toWards the sea ?oor the drag and added mass is 
greater hence helping to impede the motion. Added-mass 
may be provided to be independent of direction of motion. 
HoWever, it is possible to construct a heave plate Which has 
different added mass characteristics dependent on direction. 
for example, a ?ap or one-Way valve may be included as part 
of the heave plate design Which alloWs Water to ?oW through 
the heave plate in one direction but not the other. 

[0037] Any portion of the WEC can be built out of steel 
painted to retard marine groWth and corrosion. HoWever, 
portions of the WEC can also be made out of alternative 
materials to reduce cost or Weight and reduce maintenance 
needs. For instance, the heave plates may be fabricated out 
of ?berglass if their Weight is a concern. It is also possible 
to fabricate portions of the ?oat or spar out of marine 
concrete to reduce the cost of material, although this Will 
cause the Weights of the components to increase. 

[0038] FIG. 3 shoWs the presence of buoyancy/ballast 
tanks 301a, 3011) located above heave plates 204a, 204b, 
respectively. The buoyancy tanks are used to control the 
?otation of the system When the WEC is deployed. These 
buoyancy tanks may also be used to ease the transportation 
and deployment of the WEC as discussed beloW. Note that 
the buoyancy tank may be made a part of the heave plate, or 
as part of the lips above and beloW the heave plate or the 
buoyancy tanks could be separate structures above or beloW 
the heave plate. WEC systems embodying the invention may 
include adjustable buoyancy tanks as part of the ?oat, the 
spar and the heave plate to adjust performance, compensate 
for marine groWth and ease deployment and retrieval of the 
buoy/WEC. 

[0039] FIG. 3A illustrates that the WEC can be formed as 
different sections Which can be transported separately and 
then assembled on site or close to the deployment site. Thus, 
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WEC systems embodying the invention may be manufac 
tured in sections to facilitate the deployment, attachment 
and/or detachment of the WEC for maintenance and/or 
repair. 

[0040] FIG. 4 shoWs a spar 200 including a doWnWardly 
extending truss structure 202 With a single heave plate 204 
mounted on the bottom end of the truss structure 202. The 
heave plate 204 includes an upper lip 206a and a loWer lip 
20619 (as shoWn more explicitly in FIGS. 6 and 6A). The 
heave plate and lip combination functions to increase the 
effective mass of the spar to Which the heave plate is 
connected. In FIG. 4, the outer edge of the circular heave 
plate is shoWn connected by cables (or rods) 210 to the loWer 
portion of the spar, above the truss 202. The truss structure 
202 is shoWn to be an open truss section to reduce the effects 
of horizontal currents pushing against the spar. 

[0041] FIGS. 5A, 5B and 5C shoW a WEC design Where 
the heave plate is secured via rods/cables/struts/pipes/beams 
210 to the loWer portion of the strut 202. In this embodiment 
(see FIGS. 5A, 5B and 5C) the length of the spar 200 and the 
strut 202 connecting the spar to the heave plate exceeded 35 
meters. The outer diameter of the spar Was 2.5 meters, and 
it protruded above the Water line by 5-6 meters. The upper 
truss 410, for coupling the movement of the ?oat to the PTO 
300 located in the upper portion of the spar, had a height of 
9.5 meters above the Water line. The outer diameter of the 
?oat Was 11 meters and the outer diameter of the heave plate 
Was 12 meters. Thus, in this embodiment, the outer diameter 
of the heave plate Was made greater than the outer diameter 
of the ?oat. 

[0042] There are preferred relationships betWeen the NRF 
(natural resonant frequency) of the ?oat and the NRF of the 
spar. There are in addition preferred relationships betWeen 
the total volume (displaced volume+added volume) of the 
?oat and the total volume of the spar. To understand Why this 
is so, consider a ?oat and spar With a preferred relationship 
of NRFs but With grossly incommensurate total volumes. 
Suppose that the total volume of the ?oat is, eg 100 tons, 
but the total volume of the spar is only 1 ton. In this example, 
there Will be a highly consequential impedance mismatch, 
Which Would lead to very ine?icient poWer capture. A 
preferred ratio for a typical Wave climate betWeen the total 
volume of the ?oat, and the total volume of the spar, is 
approximately 4:1. The ratio betWeen ?oat and spar total 
volume for a given Wave climate may be determined by 
modeling poWer conversion characteristics for several 
ratios, and choosing the optimal ratio. The increase in the 
siZe of a heave-plate, or the addition of an extra heave-plate, 
may be preferred methods for the designer to increase the 
spar total volume. 

[0043] In another embodiment the spar Was designed to 
have a draft of approximately 10 meters or more, and a 
diameter of l m. The top of the spar Was designed to 
protrude above the surface of the Water by approximately 2.5 
meters. The ?oat element Was a toroidal ?oat designed to 
move linearly up and doWn relative to the spar, in response 
to rising and falling Wave action. The ?oat supports a truss 
(also referred to as a bridge), element 410 in the ?gures, that 
is connected to the poWer conversion system through the top 
of the spar, and its relative motion against the spar provides 
the driving force into the poWer conversion system. In this 
embodiment the ?oat 100 Was designed to have an outer 










